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The local structure of NaTiSi2O6 is examined across its Ti-dimerization orbital-assisted Peierls
transition at 210 K. An atomic pair distribution function approach evidences local symmetry break-
ing preexisting far above the transition. The analysis unravels that on warming the dimers evolve
into a short range orbital degeneracy lifted (ODL) state of dual orbital character, persisting up to
at least 490 K. The ODL state is correlated over the length scale spanning ∼6 sites of the Ti zigzag
chains. Results imply that the ODL phenomenology extends to strongly correlated electron systems.
The rich physics associated with the emergence of
technologically relevant quantum orders in materials [1]
stems from complex interaction of electronic charge,
spin, and orbitals, and their coupling to the host lat-
tice [2, 3]. In transition metal systems with partial
filling of d-manifolds novel properties often engage the
orbital sector [4]. Systems exhibiting orbital degener-
acy and/or electronic frustration imposed by their lat-
tice topology are of particular interest, as orbitals cou-
ple both to the spin, via electronic interactions, and
to the lattice, via Jahn-Teller type mechanisms [5, 6].
The removal of this orbital degeneracy and the subse-
quent relief of frustration then impact symmetry low-
ering and material properties. The electronic complex-
ity of the low temperature ordered symmetry-broken
states has been thoroughly studied in systems display-
ing diverse emergent behaviors such as frustrated mag-
netism [7, 8], colossal magnetoresistivity [9], charge and
orbital order [10, 11], metal-insulator transition [12–14],
pseudogap [15, 16] and high temperature superconductiv-
ity [17, 18]. Their understanding employs Fermi surface
nesting [19, 20], Peierls [21, 22], and band Jahn-Teller
mechanisms [23, 24], among others.
In systems where orbital degeneracies are anticipated,
crystallographic symmetry lowering at the temperature
driven structural phase transitions is often assumed to
imply simultaneous orbital degeneracy lifting (ODL) by
engaging some cooperative mechanism [5, 6, 25]. Con-
sequently, seemingly mundane high temperature regimes
possessing high crystallographic symmetry remain much
less explored. In contrast to this concept, recent uti-
lization of probes sensitive to local symmetry have qual-
ified the ODL as a local electronic effect existing at
temperature well above [26, 27] the global symmetry
breaking transitions. Focusing on the CuIr2S4 [26] and
MgTi2O4 [27] spinel systems in the weak electron cou-
pling limit, the studies unmasked a highly localized ODL
state at high temperature involving two transition metal
ions, which serves as a precursor to an orbitally driven
metal-insulator transition [28]. Albeit discontinuously
connected to the ground state, the ODL in these spinels
proves to be a prerequisite state for charge & orbital order
and spin singlet dimerization observed at low tempera-
ture [10, 29, 30], thus enabling the transition. The ODL
state further rationalizes the apparent order of magni-
tude discrepancy between the energy scales of the ob-
served phenomena (∼10s-100s of meV corresponding to
∼100s-1000s K) and the symmetry lowering transition
temperatures (typically ∼10s-100s K) [26, 31].
The ubiquity and role of the ODL in the emergent
quantum orders are yet to be established [27, 32]. It
is important to understand whether the ODL state is
just a peculiarity of weakly coupled electronic systems in
the proximity to a localized-to-itinerant crossover, or if
the state could also be realized deep in the Mott insu-
lating regime with strong on-site Coulomb interactions,
where the charge fluctuations are suppressed. Curiously,
an opportunity to explore this is offered by the quasi-
one dimensional NaTiSi2O6 clinopyroxene [33], one of
the rock-forming silicate minerals constituting the upper
Earth’s mantle [34]. It is a paramagnetic strongly cor-
related Mott insulator with a ∼2 eV gap [35], featuring
zigzag chains of skew edge-shared TiO6 (Fig. 1(a), (b)),
with Ti3+ in d1 (S = 1/2) nominally triply degenerate
2g orbital configuration. A nonmagnetic ground state of
NaTiSi2O6 with a 53 meV spin gap [36] establishes on
cooling through a 210 K [37] structural transition where
orbital ordering stabilizes intrachain Ti-Ti spin singlet
dimerization [38]. Once thought to host Haldane S = 1
chains [35, 39, 40], NaTiSi2O6 is considered a candidate
for quantum liquid with strong orbital fluctuations [41].
By combining neutron and x-ray total scattering based
atomic pair distribution function (nPDF and xPDF) ap-
proaches [42] we find compelling local structural evidence
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2FIG. 1. Properties of NaTiSi2O6: (a) 2¸c structure; (b)
Quasi-1D zigzag TiO6 chains; (c) Undistorted TiO2 plaque-
ttes of the 2¸c phase featuring uniform Ti-Ti and O-O dis-
tances; (d) Distorted TiO2 plaquettes of the dimerized P1
phase with Ti-Ti and O-O distances bifurcated (S=short,
L=long); (e) The Curie law subtracted DC magnetic suscep-
tibility; (f) The c axis parameter from P1 model fits to the
xPDF data; (g)-(i) Temperature evolution of a selected seg-
ment of neutron total scattering data. Note: zigzag chains
run along c axis in 2¸c, and along a axis in P1.
for a fluctuating ODL state of dual orbital character
in NaTiSi2O6 at high temperature. The spatial extent
of associated short range structural correlations implies
Peierls-like instability at 1/6 filling and a relevance of all
three Ti 2g orbitals in that regime. The PDF observa-
tions establish that the ODL phenomenology does extend
to materials with strong electron correlations, reinforcing
the notion of its ubiquity. The results account for a num-
ber of high temperature anomalies reported in previous
studies of this system [36, 43, 44], and provide new insight
into the understanding of the transition mechanism.
Polycrystalline NaTiSi2O6 used in powder diffraction
measurements was obtained via a solid state route [36,
37, 45] and shows a transition to a nonmagnetic state be-
low Ts = 210 K, Fig. 1(e). Total scattering data for PDF
analysis were collected over 100 K≤T≤300 K (neutrons),
and over 10 K≤T≤300 K range and at 490 K (x-rays).
The approach utilizes both Bragg and diffuse scattering,
and provides information on the average structure and on
the local deviations from it [42]. Robust crystallographic
symmetry change at the transition is evident in the x-ray
(Fig. 1(f)), and neutron data (Figs. 1(g)-(i)), where there
is an abrupt discontinuity in the number, intensity, and
strength of observed Bragg peaks in reciprocal space. De-
tails of data collection and reduction, and PDF analysis
protocols used [42] are provided elsewhere [45].
NaTiSi2O6 crystallizes in a monoclinic 2¸c structure,
Fig. 1(a), featuring characteristic zigzag chains of edge-
sharing TiO6 octahedra, Fig. 1(b), giving the system a
quasi-one-dimensional character [46]. The chains are em-
bedded in a somewhat disordered SiO4 network encom-
passing Na [45]. Within the chains, the shared-edge O
pairs and Ti centers constitute TiO2 plaquettes, iden-
FIG. 2. Comparison of simulated PDFs: Crystallographic P1
(blue) and 2¸c (red) models with their differential (green) offset
for clarity for neutron probe over a wide (a) and a narrow (b)
r range. (c) Neutron Ti-Ti partial PDF for the two models.
Corresponding PDFs for x-ray probe are shown in (d)-(f).
Simulations use uniform 0.001 A˚2 ADPs for all atoms, and
are scaled to match the data shown in Fig. 3.
tical in 2¸c, which alternate in orientation, as shown in
Fig. 1(c). Magnetically active Ti have +3 valence in 3d1
configuration [47], confirmed by neutron Rietveld re-
finement based bond valence sum calculations [45]. The
dominant octahedral crystal field splits the Ti 3d orbitals
into a partially filled t2g triplet and an empty eg dou-
blet [37]. Nominally triply degenerate t2g orbitals [5] are
oriented toward the TiO6 edges: xy and zx point toward
the common edges of the zigzag chains, while yz is per-
pendicular to the general chain direction (for illustration
see the top right corner inset in Fig. 5). Partial degener-
acy alleviation is expected from slight trigonal distortion
of TiO6 [43], placing the single electron into a two fold
degenerate low lying t2g-derived (zx, xy) doublet [41] and
rendering the third (yz) orbital inert [36, 43, 48]. The
edge-sharing topology fosters direct (xy, xy) and (zx, zx)
overlaps of t2g orbitals belonging to neighboring Ti along
the chains. This promotes Ti-Ti dimerization [43] in the
orbitally ordered regime [46] upon cooling below Ts, lift-
ing the t2g degeneracy and lowering the average symme-
try to tricilinic (P1) [47].
The average structure change observed in diffraction
across the transition is associated with the splitting of Ti-
Ti pair distances in the zigzag chains. The dimerization
takes place within the TiO2 plaquettes of just one of the
two available orientations (zig or zag, Fig. 5(b)). Conse-
quentially, the Ti-Ti and O-O interatomic distances on
the plaquettes bifurcate, Fig. 1(d): Ti-Ti (3.18 A˚) and
O-O (2.74 A˚) contacts on the plaquettes in 2¸c become
(3.11 A˚, 3.22 A˚) and (2.69 A˚, 2.81 A˚) in P1, respec-
tively, with the short Ti-Ti distance (long O-O distance)
on a dimerized plaquette [47] (see Fig. 5(a)). Neighbor-
ing TiO2 plaquettes become inequivalent, reflecting Ti
dimer and associated bond charge order formation, thus
removing the zx/xy degeneracy. The 2¸c and P1 models
explain our neutron Bragg data in the high and low tem-
perature regimes, respectively [45]. All Ti sites partici-
pate in dimerization in P1 but remain equivalent (+3 va-
3FIG. 3. Comparison of experimental PDFs: Data at temper-
ature below (150 K) and above (230 K) the transition tem-
perature, Ts, for neutrons (nPDF) over broad (a) and narrow
(e) r ranges. Matching X-ray data (xPDF) scaled to nPDF
are shown in (c) and (g). Comparison of nPDFs within the
same crystallographic phase, 2¸c, at 230 K and 300 K, is shown
in (b) and (f). The same for xPDF is shown in (d) and (h).
Differential PDFs, ∆G(r) are shown underneath each data,
offset for clarity. The vertical dotted lines in panels (a)-(d)
and (e)-(h) correspond to the fifth and the first Ti-Ti near-
est neighbor distances along the zigzag chains, respectively,
marked also by vertical double arrows as 6 Ti (2 Ti) intra-
chain interatomic separations.
lence) [45, 47]. The fingerprint of the average structural
change across Ts, simulated from crystallographic data
above and below the transition [47] for nPDF (Fig. 2(a),
(b)) and xPDF (Fig. 2(c), (d)), illustrates the expected
PDF response should the local structure follow the aver-
age behavior. In Figs. 2(c) and 2(f) the crystallographi-
cally observed Ti-Ti splitting [47] is shown by scattering-
weighted partial PDFs, revealing considerably weaker
signal in nPDF than in xPDF case. Significantly, the
pair contributions to PDF of Ti-Ti when compared to O-
O are order of magnitude stronger in xPDF case, whereas
in nPDF they are 3 times weaker.
While crystallography may seem to dictate that the
lifting of Ti orbital degeneracy and associated dimer for-
mation occur at Ts, the complexity increases when the
local structure information from PDF data is considered.
If we compare the PDF signal from T = 150 K (well below
Ts) to that from T = 230 K (just above Ts), the difference
signal ∆G for interatomic distances r > 15 A˚ is large and
significant, as is to be expected when passing through a
structural transition (Fig. 3(a) and 3(c)). However, and
in contrast to the average structure based expectations
shown in Fig. 2, ∆G is substantially smaller over the
shorter distances (r < 15 A˚) reflecting local structure, as
highlighted in Fig. 3(e) and 3(g), especially in the nPDF
case, which is less sensitive to Ti.
FIG. 4. The spin-singlet dimer disappearance: Comparison
of xPDF data at Ts = 210 K with (a) 90 K and (b) 300 K
data. Differentials ∆G = G(T )−G(Ts) are offset for clarity,
revealing the spin-singlet signature (shaded signal) for 90 K
set. (c) Waterfall view of the temperature evolution of the
xPDF differential using 300 K reference for 90 K≤ T ≤ 300 K
range (∆T= 2 K). Corresponding integrated intensity in the
range between vertical black arrows is shown in (d). Dotted
gray lines are guides to the eye. Dashed red line in (c) and
(d) marks Ts. The nearest neighbor Ti-Ti distances from P1-
based model (see text) fits over (e) 15 A˚≤ r ≤ 30 A˚ and (f)
1 A˚≤ r ≤ 15 A˚ ranges. Corresponding r(Ti-Ti) splittings
are shown in (g). (h) The spin-singlet dimer and ODL states
sketched as 2g orbital manifold overlaps. The transparency
of turquoise color indicates the bond charge filling, as noted.
In fact, the local ∆G observed across the transition is
comparable in magnitude to that observed in a 70 K dif-
ference ∆G which is fully above the transition (Fig. 3(e)-
(h)), where only small changes due to thermal motion
amplitude variations would be expected. While the struc-
tural transition associated with the dimer formation is
clearly apparent in the average structure, the same can-
not be said regarding the local structure, revealing a
curious local vs average disparity in NaTiSi2O6. This
may suggest that spin singlet dimers do not disassem-
ble locally on warming across Ts, in contrast to magnetic
susceptibility measurements according to which the spin
singlet dimers cannot be retained in the high tempera-
ture regime. We argue below that the transition is not
of a trivial order-disorder type, as one may deduce from
the nPDF analysis alone [45], Figs. 3(a) and 3(b), but
that it has an ODL-type character [26] evident from the
xPDF data analysis. In contrast to the differential nPDF
signal implying minute change across the transition over
the length scale corresponding to ∼6 Ti sites, the ∆G
signal in xPDF, Figs. 3(c) and 3(d), suggests that some
local structural modification actually does occur at Ts.
This motivates a closer look at the temperature re-
solved xPDF data. Temperature evolution of the PDF
differential, ∆G(T ), underneath the Ti-Ti PDF peak at
∼3.2 A˚, where the dimer signal should be present, is par-
4ticularly informative. Comparing the data at T=90 K
(T<Ts) and at Ts reveals a subtle but clear shift in
pair probability from shorter to longer pair distances,
Fig. 4(a), with an “M” shaped feature in ∆G(T ), consis-
tent with removal of the Ti dimer distortion. When data
at Ts and at T=300 K (T>Ts) are compared, Fig. 4(b),
the differential is much smaller for a comparable temper-
ature difference. The nPDF data are not sensitive to this
not only due to unfavorable scattering contrast but also
because the dimer-related distortions involve Ti and O
displacements of opposite sign on the TiO2 plaquettes,
Fig. 5(a). For systematic assessment of ∆G(T ) we use
300 K reference for calculating the differentials. The shift
related to the local structure change is inevitably super-
imposed with thermal broadening effects, which limits
this model independent approach close to Ts. The evolu-
tion with temperature of ∆G and its integral are shown in
Figs. 4(c) and 4(d), consistent with the dimers disassem-
bling locally at the transition. The non-thermal contri-
bution to the differential associated with the dimers cor-
responds to the jump in integral signal seen in Fig. 4(d).
To quantify this we fit the temperature-resolved xPDF
data using the low temperature P1 structure for maxi-
mum flexibility and over different r-ranges. When the fit
range excludes the local structure portion, the optimized
model structure refined over 15 A˚< r <30 A˚ range adopts
two unique Ti-Ti pair distances below Ts, and these two
distances become degenerate above Ts, Fig. 4(e), consis-
tent with dimer elimination. When the average structure
portion of the PDF is excluded and 1 A˚< r <15 A˚ range
is used instead, the model structure again adopts two
unique Ti-Ti pair distances below Ts, but these two dis-
tances remain distinct above Ts, albeit with significantly
reduced splitting, Fig. 4(f). Thus, at T>Ts NaTiSi2O6
shows a regularization of the Ti chains over long struc-
tural length scales, but this regularization is not present
locally. Some degree of degeneracy lifting is apparent
above Ts observed up to 300 K (Fig. 4(g)), with split-
ting of 0.12(4) A˚ still present in our 490 K xPDF data.
The behavior where short spin singlet dimer bonds
give way to longer local-symmetry-breaking transition
metal contacts upon heating above the crystallographic
symmetry breaking transition is established as a hall-
mark of the ODL phenomenology in several spinel dimer
systems proximal to a localized-to-itinerant crossover.
Initially observed in CuIr2S4 [26], and recently also in
MgTi2O4 [27], the ODL state is evidenced in their high
temperature metallic cubic regimes. There, at the metal-
insulator transition, the spin singlet dimers comprised
of pairs of strongly bonded holes (in CuIr2S4) or elec-
trons (in MgTi2O4) dismount by means of bond charge
transfer upon warming, and are succeeded in the metallic
phase by twice as many spatiotemporally fluctuating sin-
gle charge Hund-Mulliken molecular-orbital-like states [5]
that lift the 2g degeneracy [26, 27]. The dimer and ODL
states are shown in Fig. 5(f) using energy diagram repre-
FIG. 5. NaTiSi2O6 orbital considerations. (a) TiO2 dimer-
ization plaquettes. (b) The two choices: the zig and the
zag. (c) Dimerization of the zx variety within the P1 struc-
ture. (d) Uniform chain with degenerate 2g manifolds as
portrayed by the 2¸c structure model. (e) Local model of
the chain for T ≥ Ts featuring ODL states with a 6-Ti pe-
riod. (f) Molecular-orbital (MO) view, counterclockwise, of
Ti-Ti contacts with degenerate or non-bonding Ti-Ti con-
tacts, degeneracy-lifted MO, and dimerized Ti-Ti contacts.
In the legend, DEG/NONBOND (Ti3+), ODL (1e− per Ti-
Ti bond), and DIMER (2e− per Ti-Ti bond). Corner insets:
orbital geometry of the 2g manifold (upper right), and yz
defect discussed in text (lower right).
sentation. The observed high crystallographic symmetry
ensues from three-dimensional spatiotemporal averaging.
In addition to thermal evolution of the transition metal
sublattices, the similarity of Ti pyroxenes and the spinels
extends to observed pressure effects. In the spinels, pres-
sure increases 2g orbital overlaps and stabilizes the tran-
sition [49, 50] and the ODL state [26]. In LiTiSi2O6,
which is isostructural and isoelectronic to NaTiSi2O6,
∼3.1% volume reduction pushes Ts also to higher tem-
perature [37, 45], further corroborating the equivalence
of the underlying orbital behaviors. Following the spinel
ODL phenomenology, in NaTiSi2O6 the Ti dimers exhibit
a “2e-0e”-type bond charge order along the zigzag chains
for T<Ts [Fig. 5(c)], which for T>Ts converts into the
ODL state with the zx/xy degeneracy being lifted locally,
as illustrated in Fig. 4(h).
However, pursuing full analogy with the spinels, partic-
ularly with MgTi2O4 which has the same Ti 2g filling as
in NaTiSi2O6 and whose ODL states have a two-orbital
(2O-ODL) character [27] sketched in Fig. 4(h), encoun-
ters two challenges. First, in NaTiSi2O6 2O-ODL would
imply a single valued Ti-Ti distance distribution akin
to the degenerate orbital case portrayed crystallographi-
cally, Fig. 5(d). This is not what is seen experimentally.
The PDF observations impose that, similar to the dimer
regime, both shorter (ODL) and longer (non-ODL) Ti-Ti
contacts along the zigzag chains are present. Second, the
three-dimensional pyrochlore network of corner-shared
transition metal tetrahedra in the spinels provides a ba-
sis for reconciling the discrepancy between the average
and the local behavior. Quasi-one-dimensional topology
of Ti zigzag chains in NaTiSi2O6 necessitates a modified
scenario for reconciling the different length scales.
5Both challenges can be addressed by considering pres-
ence of “orbital” defects along the chains. The Ti sites
exhibiting either mixed zx/xy orbital character, such as
these depicted in Fig. 5(e), or whose nonbonding yz or-
bitals are engaged (bottom right inset to Fig. 5) represent
possible defect types. Notably, local structural correla-
tions extend to ∼13.3 A˚, as deduced from the nPDF data
comparison in Fig. 3(a) and from model assessment of the
290 K xPDF data [45] (not shown), and correspond to
∼6 Ti distance along the zigzag chain. This is consistent
with a Peierls-like instability at 1/6 filling involving all
three Ti orbitals. Such defects would lead to not only
lower-energy excited states than the triplet excitations
of the dimerized bonds (see Supplemental Material) [45]
but also an increased contribution of the entropy term
in the free energy at higher temperature, thus stabilizing
the ODL state in NaTiSi2O6 which can be considered to
have dual (xy,xy)/(zx,zx) character indicated in Fig. 5(e)
by solid blue lines connecting affected Ti sites. In ad-
dition to providing entropy driven stabilization, due to
lack of direct overlaps with other 2gs, introduction of the
third orbital inevitably implies involvement of interven-
ing oxygen.
In closing, we note that a number of anomalies were ob-
served in the T>Ts regime of NaTiSi2O6 and attributed
to various electronic instabilities. Anomalies include un-
usual temperature dependence of magnetic susceptibil-
ity [37], the lack of recovery in the muon asymmetry at
longer times and lack of sharp change in electronic relax-
ation rate λ at Ts in µSR measurements [51], anomalous
and unusually broad phonon modes in Raman [43, 48]
and neutron scattering [36] and infrared reflectivity [52],
glasslike temperature evolution of thermal conductiv-
ity [44], as well as anomalous peak broadening in x-ray
diffraction [36]. They were assigned to short-range cor-
relations enhancing spin singlet dimer fluctuations [51],
orbital disorder [43, 48, 52], rapidly fluctuating orbital oc-
cupancy [44], and presence of bond disorder due to orbital
fluctuations [36], respectively. Observation of the ODL
state, which is presumably dynamic, provides a concrete
rationale for their understanding and invites reexamina-
tion of the transition mechanism [36, 53, 54]. Such high
temperature anomalies could in fact be indicators of the
ODL state in a diverse class of transition metal systems
with active orbital sector [44, 55–57], reinforcing the idea
of ubiquitous ODL precursor states, extending the phe-
nomenology to strongly correlated electron systems.
Work at Brookhaven National Laboratory was sup-
ported by U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences (DOE-BES) under con-
tract No. DE-SC0012704. R.S. and H.Z. thank the sup-
port from the U.S. Department of Energy under award
DE-SC-0020254. Neutron total scattering data were col-
lected at the NOMAD beamline (BL-1B) at the Spalla-
tion Neutron Source, a U.S. Department of Energy Office
of Science User Facility operated by the Oak Ridge Na-
tional Laboratory. X-ray PDF measurements were con-
ducted on beamline 28-ID-1 of the National Synchrotron
Light Source II, a U.S. Department of Energy (DOE)
Office of Science User Facility operated for the DOE Of-
fice of Science by Brookhaven National Laboratory under
Contract No. DE-SC0012704.
∗ rkoch@bnl.gov
† Present address: Computer Science and Mathematics Di-
vision, Oak Ridge National Laboratory, Oak Ridge, TN
37831, USA
‡ Present address: Institute of Physics, Chinese Academy
of Science, Beijing 100190, Peoples Republic of China
§ bozin@bnl.gov
[1] Y. Tokura, M. Kawasaki, and N. Nagaosa, Nat. Phys. 13,
1056 (2017), URL https://www.nature.com/articles/
nphys4274.
[2] Editorial, Nat. Phys. 12, 105 (2016), URL https://www.
nature.com/articles/nphys3668.
[3] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida,
and J. Zaanen, Nature 518, 179 (2015), URL https:
//www.nature.com/articles/nature14165.
[4] Y. Tokura and N. Nagaosa, Science 288, 462 (2000),
URL https://science.sciencemag.org/content/288/
5465/462.
[5] S. V. Streltsov and D. I. Khomskii, Phys.-Usp. 60, 1121
(2017), URL http://dx.doi.org/10.3367/UFNe.2017.
08.038196.
[6] M. Vojta, Rep. Prog. Phys. 81, 064501 (2018), URL
https://doi.org/10.1088%2F1361-6633%2Faab6be.
[7] A. Zorko, O. Adamopoulos, M. Komelj, D. Arcˇon, and
A. Lappas, Nat. Commun. 5, 1 (2014), URL https://
www.nature.com/articles/ncomms4222.
[8] J. K. Glasbrenner, I. I. Mazin, H. O. Jeschke, P. J.
Hirschfeld, R. M. Fernandes, and R. Valenti, Nat.
Phys. 11, 953 (2015), URL https://www.nature.com/
articles/nphys3434.
[9] B. H. Savitzky, I. El Baggari, A. S. Admasu, J. Kim,
S.-W. Cheong, R. Hovden, and L. F. Kourkoutis, Nat.
Commun. 8, 1 (2017), URL https://www.nature.com/
articles/s41467-017-02156-1.
[10] P. G. Radaelli, Y. Horibe, M. J. Gutmann, H. Ishibashi,
C. H. Chen, R. M. Ibberson, Y. Koyama, Y.-S. Hor,
V. Kiryukhin, and S.-W. Cheong, Nature 416, 155
(2002).
[11] A. J. Achkar, F. He, R. Sutarto, C. McMahon,
M. Zwiebler, M. Hu¨cker, G. D. Gu, R. Liang, D. A. Bonn,
W. N. Hardy, et al., Nat. Mater. 15, 616 (2016), URL
https://www.nature.com/articles/nmat4568.
[12] N. B. Aetukuri, A. X. Gray, M. Drouard, M. Cossale,
L. Gao, A. H. Reid, R. Kukreja, H. Ohldag, C. A. Jenk-
ins, E. Arenholz, et al., Nat. Phys. 9, 661 (2013), URL
https://www.nature.com/articles/nphys2733.
[13] Z. Tian, Y. Kohama, T. Tomita, H. Ishizuka, T. H. Hsieh,
J. J. Ishikawa, K. Kindo, L. Balents, and S. Nakatsuji,
Nat. Phys. 12, 134 (2016), URL https://www.nature.
com/articles/nphys3567.
[14] T. Liang, T. H. Hsieh, J. J. Ishikawa, S. Nakatsuji, L. Fu,
and N. P. Ong, Nat. Phys. 13, 599 (2017), URL https:
//www.nature.com/articles/nphys4051.
6[15] S. V. Borisenko, A. A. Kordyuk, A. N. Yaresko, V. B.
Zabolotnyy, D. S. Inosov, R. Schuster, B. Bu¨chner,
R. Weber, R. Follath, L. Patthey, et al., Phys. Rev. Lett.
100, 196402 (2008), URL https://link.aps.org/doi/
10.1103/PhysRevLett.100.196402.
[16] M.-Q. Ren, S. Han, S.-Z. Wang, J.-Q. Fan, C.-L.
Song, X.-C. Ma, and Q.-K. Xue, Phys. Rev. Lett.
124, 187001 (2020), URL https://link.aps.org/doi/
10.1103/PhysRevLett.124.187001.
[17] F. Wang, S. A. Kivelson, and D.-H. Lee, Nat. Phys. 11,
959 (2015), URL https://www.nature.com/articles/
nphys3456.
[18] P. O. Sprau, A. Kostin, A. Kreisel, A. E. Bo¨hmer, V. Tau-
four, P. C. Canfield, S. Mukherjee, P. J. Hirschfeld, B. M.
Andersen, and J. C. S. Davis, Science 357, 75 (2017),
URL https://science.sciencemag.org/content/357/
6346/75.
[19] M. D. Johannes and I. I. Mazin, Phys. Rev. B 77,
165135 (2008), URL https://link.aps.org/doi/10.
1103/PhysRevB.77.165135.
[20] K. Terashima, Y. Sekiba, J. H. Bowen, K. Nakayama,
T. Kawahara, T. Sato, P. Richard, Y.-M. Xu, L. J. Li,
G. H. Cao, et al., Proc. Natl. Acad. Sci. U.S.A. 106, 7330
(2009), URL https://www.pnas.org/content/106/18/
7330.
[21] P. A. Lee, T. M. Rice, and P. W. Anderson, Phys. Rev.
Lett. 31, 462 (1973), URL https://link.aps.org/doi/
10.1103/PhysRevLett.31.462.
[22] P. Bhobe, A. Kumar, M. Taguchi, R. Eguchi,
M. Matsunami, Y. Takata, A. Nandy, P. Mahade-
van, D. Sarma, A. Neroni, et al., Phys. Rev. X 5,
041004 (2015), URL https://link.aps.org/doi/10.
1103/PhysRevX.5.041004.
[23] J. Kanamori, Journal of Applied Physics 31, S14 (1960),
URL https://aip.scitation.org/doi/10.1063/1.
1984590.
[24] H. Y. Huang, Z. Y. Chen, R.-P. Wang, F. M. F. de Groot,
W. B. Wu, J. Okamoto, A. Chainani, A. Singh, Z.-Y.
Li, J.-S. Zhou, et al., Nat. Commun. 8, 1 (2017), URL
https://www.nature.com/articles/ncomms15929.
[25] A. M. Ole, P. Horsch, L. F. Feiner, and G. Khaliullin,
Phys. Rev. Lett. 96, 147205 (2006), URL https://link.
aps.org/doi/10.1103/PhysRevLett.96.147205.
[26] E. S. Bozin, W.-G. Yin, R. J. Koch, M. Abeykoon,
Y. S. Hor, H. Zheng, H. C. Lei, C. Petrovic, J. F.
Mitchell, and S. J. L. Billinge, Nat. Commun. 10,
1 (2019), URL https://www.nature.com/articles/
s41467-019-11372-w.
[27] L. Yang, R. J. Koch, H. Zheng, J. F. Mitchell, W.-G.
Yin, M. G. Tucker, S. J. L. Billinge, and E. S. Bozin,
arXiv:2009.08923 (2020).
[28] D. I. Khomskii and T. Mizokawa, Phys. Rev. Lett.
94, 156402 (2005), URL https://link.aps.org/doi/
10.1103/PhysRevLett.94.156402.
[29] M. Schmidt, W. Ratcliff, P. G. Radaelli, K. Refson,
N. M. Harrison, and S. W. Cheong, Phys. Rev. Lett.
92, 056402 (2004), URL https://link.aps.org/doi/
10.1103/PhysRevLett.92.056402.
[30] E. S. Bozˇin, A. S. Masadeh, Y. S. Hor, J. F. Mitchell, and
S. J. L. Billinge, Phys. Rev. Lett. 106, 045501 (2011),
publisher: American Physical Society, URL https://
link.aps.org/doi/10.1103/PhysRevLett.106.045501.
[31] D. I. Khomskii, Transition Metal Compounds
(Cambridge University Press, Cambridge, UK,
2014), URL https://www.cambridge.org/
core/books/transition-metal-compounds/
037907D3274F602D84CFECA02A493395.
[32] R. J. Koch, T. Konstantinova, M. Abeykoon, A. Wang,
C. Petrovic, Y. Zhu, E. S. Bozin, and S. J. L. Billinge,
Phys. Rev. B 100, 020501 (2019), URL https://link.
aps.org/doi/10.1103/PhysRevB.100.020501.
[33] H. Ohashi, T. Fujita, and T. Osawa, J. Jpn. Assoc. Min-
eral., Petrol. Econ. Geol. 77, 305 (1982), URL https:
//doi.org/10.2465/ganko1941.77.305.
[34] D. L. Anderson, New Theory of the Earth
(Cambridge University Press, Cambridge,
UK, 2012), URL https://www.cambridge.
org/core/books/new-theory-of-the-earth/
687950386FE51993D2184DF693E1E225.
[35] S. V. Streltsov, O. A. Popova, and D. I. Khomskii, Phys.
Rev. Lett. 96, 249701 (2006), URL https://link.aps.
org/doi/10.1103/PhysRevLett.96.249701.
[36] H. J. Silverstein, A. E. Smith, C. Mauws, D. L. Aber-
nathy, H. Zhou, Z. Dun, J. van Lierop, and C. R.
Wiebe, Phys. Rev. B 90, 140402 (2014), URL https:
//link.aps.org/doi/10.1103/PhysRevB.90.140402.
[37] M. Isobe, E. Ninomiya, A. N. Vasil’ev, and Y. Ueda,
J. Phys. Soc. Jpn. 71, 1423 (2002), URL https://
journals.jps.jp/doi/10.1143/JPSJ.71.1423.
[38] S. V. Streltsov and D. I. Khomskii, Phys. Rev. B
77, 064405 (2008), URL https://link.aps.org/doi/
10.1103/PhysRevB.77.064405.
[39] Z. S. Popovic´, Zˇ. V. Sˇljivancˇanin, and F. R. Vukajlovic´,
Phys. Rev. Lett. 93, 036401 (2004), URL https://link.
aps.org/doi/10.1103/PhysRevLett.93.036401.
[40] Z. S. Popovic´, Zˇ. V. Sˇljivancˇanin, and F. R. Vukajlovic´,
Phys. Rev. Lett. 96, 249702 (2006), publisher: American
Physical Society, URL https://link.aps.org/doi/10.
1103/PhysRevLett.96.249702.
[41] A. E. Feiguin, A. M. Tsvelik, W.-G. Yin, and E. S. Bozin,
Phys. Rev. Lett. 123, 237204 (2019), publisher: Ameri-
can Physical Society, URL https://link.aps.org/doi/
10.1103/PhysRevLett.123.237204.
[42] T. Egami and S. J. L. Billinge, Underneath the
Bragg peaks: structural analysis of complex mate-
rials (Elsevier, Amsterdam, 2012), 2nd ed., URL
http://store.elsevier.com/product.jsp?lid=0&iid=
73&sid=0&isbn=9780080971414.
[43] M. J. Konstantinovic´, J. van den Brink, Z. V. Popovic´,
V. V. Moshchalkov, M. Isobe, and Y. Ueda, Phys. Rev.
B 69, 020409 (2004), URL https://link.aps.org/doi/
10.1103/PhysRevB.69.020409.
[44] B. Rivas-Murias, H. D. Zhou, J. Rivas, and F. Rivadulla,
Phys. Rev. B 83, 165131 (2011), URL https://link.
aps.org/doi/10.1103/PhysRevB.83.165131.
[45] See Supplemental Materials at .
[46] S. V. Streltsov and D. I. Khomskii, Phys. Rev. B
77, 064405 (2008), URL https://link.aps.org/doi/
10.1103/PhysRevB.77.064405.
[47] G. J. Redhammer, H. Ohashi, and G. Roth, Acta Crys-
tallogr. B 59, 730 (2003), number: 6 Publisher: Interna-
tional Union of Crystallography, URL http://scripts.
iucr.org/cgi-bin/paper?ws5001.
[48] M. J. Konstantinovic´, J. van den Brink, Z. V. Popovic´,
V. V. Moshchalkov, M. Isobe, and Y. Ueda, Journal
of Magnetism and Magnetic Materials 272-276, E657
(2004), URL http://www.sciencedirect.com/science/
article/pii/S0304885303012630.
7[49] T. Furubayashi, T. Kosaka, J. Tang, T. Matsumoto,
Y. Kato, and S. Nagata, J. Phys. Soc. Jpn. 66,
1563 (1997), publisher: The Physical Society of
Japan, URL https://journals.jps.jp/doi/abs/10.
1143/JPSJ.66.1563.
[50] L. Ma, H. Han, W. Liu, K. Yang, Y. Zhu, C. Zhang, L. Pi,
D. Liu, L. Zhang, and Y. Zhang, Dalton Trans. 46, 6708
(2017), publisher: The Royal Society of Chemistry, URL
http://dx.doi.org/10.1039/C7DT00527J.
[51] P. J. Baker, S. J. Blundell, F. L. Pratt, T. Lan-
caster, M. L. Brooks, W. Hayes, M. Isobe, Y. Ueda,
M. Hoinkis, M. Sing, et al., Phys. Rev. B 75,
094404 (2007), URL https://link.aps.org/doi/10.
1103/PhysRevB.75.094404.
[52] Z. V. Popovic´, M. J. Konstantinovic´, Z. Dohcˇevic´-
Mitrovic´, M. Isobe, and Y. Ueda, Physica B:
Condensed Matter 378-380, 1072 (2006), URL
http://www.sciencedirect.com/science/article/
pii/S0921452606005072.
[53] T. Hikihara and Y. Motome, Phys. Rev. B 70,
214404 (2004), publisher: American Physical Society,
URL https://link.aps.org/doi/10.1103/PhysRevB.
70.214404.
[54] J. van Wezel and J. van den Brink, Europhys. Lett.
75, 957 (2006), URL https://iopscience.iop.org/
article/10.1209/epl/i2006-10197-2/meta.
[55] Z. Hiroi, Progress in Solid State Chemistry 43, 47
(2015), URL http://www.sciencedirect.com/science/
article/pii/S0079678615000023.
[56] J. P. Attfield, APL Materials 3, 041510 (2015), URL
https://aip.scitation.org/doi/10.1063/1.4913736.
[57] T. Katsufuji, T. Okuda, R. Murata, T. Kanzaki,
K. Takayama, and T. Kajita, J. Phys. Soc. Jpn. 85,
013703 (2015), publisher: The Physical Society of
Japan, URL https://journals.jps.jp/doi/10.7566/
JPSJ.85.013703.
